The rate constant for Cl + NH 3 f HCl + NH 2 has been measured over 290-570 K by the time-resolved resonance fluorescence technique. Ground-state Cl atoms were generated by 193 nm excimer laser photolysis of CCl 4 and reacted under pseudo-first-order conditions with excess NH 3 . The forward rate constant was fit by the expression k 1 ) (1.08 ( 0.05) × 10 -11 exp(-11.47 ( 0.16 kJ mol
Introduction
A standard assumption is that, for an endothermic gas-phase reaction of the kind A + B f C + D, a lower bound to the activation energy E a for the rate constant k is set by the overall enthalpy change ∆H°. 1, 2 That is, E a ) -R d(ln k)/d(1/T) g ∆H°. However, the phenomenon of negative activation energies for apparently elementary gas-phase reactions is now wellknown. [3] [4] [5] [6] Some of these have been interpreted in terms of formation of an intermediate bound complex in the entrance channel, followed by a tight transition state (TS) whose energy lies below that of the reactants. [7] [8] [9] Because the overall reaction enthalpy equals the difference between the activation energies for the forward and reverse reactions, 10 a consequence is that the activation energy for the reverse of a process with a negative temperature dependence is less than its endothermicity. This may be important in cases where the observed E a is used to set an upper limit to ∆H°, or in estimation of upper limits to rate constants where an assumed preexponential factor is combined with an E a equal to ∆H°. There is little information in the literature concerning the validity of the assumption E a g ∆H°f or this kind of reaction where complexes might be involved in the exit channel. Here, we present the first determination of the temperature dependence of the rate constant k 1 for the endothermic reaction and compare it with the isoelectronic and also endothermic reaction As will be seen, E a is significantly below ∆H°for reaction 1, while E a exceeds ∆H°for reaction 2. An important difference between the two reactions is that strong hydrogen bonding is only possible between the products of reaction 1. This stabilizes the TS and leads to a negative E a for the reverse of reaction 1. A computational investigation of the potential energy surface (PES) confirms that the TS is followed by a hydrogen-bonded complex between HCl and NH 2 , and this PES is analyzed via transition-state theory for quantitative comparison with the measurements.
Experimental Technique
Details of the apparatus and its operation have been given previously. 11, 12 Briefly, ground-state atomic chlorine was produced by 193-nm excimer laser (MPB PSX-100, beam crosssection 7 × 8 mm 2 ) photolysis of CCl 4 precursor and monitored by time-resolved resonance fluorescence at 134-140 nm ((4s) 2 P f (4p) 2 P 1/2,3/2 ). 13 This fluorescence was excited by a microwave discharge through a separate flow of Cl 2 (0.2% in Ar, 0.2 mbar pressure). The experiments were conducted in a large excess of Ar bath gas to thermalize the system and to slow diffusion of Cl to the reactor walls. Low photolysis energies F were employed, to minimize secondary chemistry involving photolysis or chemical products. Above 570 K, so many H atoms were produced from NH 3 photolysis that their fluorescence, excited by trace hydrogen impurities in the resonance lamp, interfered, despite the use of calcium fluoride optics. The initial atom concentration [Cl] 0 was estimated from the laser fluence and the room-temperature absorption cross-section of CCl 4 . 14 It does not need to be known for the kinetic analysis, but verifies that the pseudo-first-order condition [Cl] 0 , [NH 3 ] was attained. The ammonia concentration is effectively constant, so that and exponential decays of the fluorescence signal were obtained. An example is shown in Figure 1 . Nonlinear least-squares fitting provided the first-order decay coefficient k ps1 , and plots of k ps1 vs [NH 3 ], such as that shown in Figure 1 , have slopes equal to k 1 
Results and Discussion
Eighty-three measurements over 290-570 K are summarized in Table 1 . It may be seen that there is no systematic variation of k 1 with p, [Cl] 0 , F, and τ res , which indicates that the reaction is effectively bimolecular, has been successfully isolated from any secondary chemistry, and is unaffected by decomposition of the reactants inside the heated reaction cell. Potential interference might arise from condensation of HCl product with NH 3 to form solid NH 4 Cl, but no obvious light scattering problems were encountered. The kinetic data are plotted in Arrhenius form in Figure 2 . A weighted linear fit was based on the 1 σ uncertainties in the slopes of plots such as Figure 1 , listed in Table 1 , combined with an estimated σ T /T ) 2%, and yielded where the uncertainties in the Arrhenius parameters are (1 σ. Together with the covariance and a 10% allowance for potential systematic errors, these yield 95% confidence limits of (11% for k 1 . The only prior measurement of reaction 1 was made by Westenberg and DeHaas with flash lamp photolysis of the same CCl 4 precursor, and they obtained (1.23 ( 0.02) × 10 -13 cm 3 molecule -1 s -1 at room temperature. 15 As may be seen from Figure 2 , this earlier result lies in the range of our measurements. Figure 2 also shows that most of the measurements at room temperature lie slightly above the linear Arrhenius fit. This could indicate slight curvature in the Arrhenius plot or that a second channel becomes important at low temperatures. A possible adduct is discussed in the next section. However, we note that there is no systematic pressure influence on the room-temperature data, over a variation of more than a factor of 5. This is evidence against an addition pathway, which would be expected to be pressure-dependent. If such a path was at its high-pressure limit under our conditions, then rate constants of around 10 -10 cm 3 molecule -1 s -1 would be expected. Most likely, the adduct is thermodynamically unstable, as discussed in the following section.
The thermochemistry of reaction 1 is well-established. The spectroscopic measurements of Mordaunt et al. yield a precise bond strength for ammonia of 444.0 ( 0.2 kJ mol -1 at 0 K, 16 and the bond strength of HCl from Gurvich et al. is 427.8 ( 0.1 kJ mol -1 . 17 The difference is ∆H°0 ) 16.2 ( 0.2 kJ mol -1 , and via tabulated temperature dependences of the enthalpies, 17 at the approximate center of the T -1 range, ∆H°4 00 ) 18.9 kJ mol -1 , significantly larger than the measured activation energy. Because, as noted in the Introduction, 10 the activation energy of the reverse process must be negative.
Reaction 1 can be compared with the isoelectronic reaction 2. The measured variation of k 2 with temperature yields a curved Arrhenius plot, 18 and near the middle of the same temperature range as here yields average Arrhenius parameters of about A ) 1.9 × 10 -11 cm 3 molecule -1 s -1 and E a ) 13.1 kJ mol -1 . These parameters and the corresponding k 2 values are similar to those determined here. The activation energy for reaction 2 is slightly larger than for 1, but by contrast to the latter case, it exceeds the endothermicity, where for reaction 2, ∆H°2 98 ) 7.5 ( 0.3 kJ mol -1 and ∆H°4 00 ) 8.4 ( 0.3 kJ mol -1 . 17, 19, 20 Quantitative analysis of reaction 2 includes no role for bound intermediates, 21 and we would expect no strong interaction between CH 3 and HCl. Their reaction, the reverse of reaction 2, has a positive temperature dependence. 22 The electronegativity of nitrogen makes hydrogen bonding feasible between NH 2 and HCl, which, apart from leading to a bound intermediate, also stabilizes the transition state for the reaction. This idea, and the prediction of a negative activation energy for k -1 , is explored quantitatively in the next section.
Theoretical Analysis
The Gaussian 03 program suite 23 was employed to calculate geometries, vibrational frequencies, and energies of stationary points on the PES. Several approaches were used. The composite G3B3 and CBS-QB3 ab initio methodologies were applied 24, 25 and also the MPWB1K density functional developed by Zhao and Truhlar for systems involving hydrogen bonding and reaction barriers. 26 These DFT calculations were applied with a variety of basis sets, and the vibrational frequencies were scaled by a factor of 0.955. 26 G3 theory includes a spin-orbit correction of -3.5 kJ mol -1 to the energy of atomic Cl, and this correction was applied to the other levels of theory. Spin contamination was negligible, with 〈S 2 〉 spin expectation values for the open-shell species of at most 0.757, cf. the ideal value of exactly 0.75. Table 2 summarizes the results.
The two composite ab initio approaches are in good accord with the overall reaction enthalpy, although they underestimate ∆H°0 by up to 2 kJ mol -1 (which is within their target accuracies). The DFT results show systematic variation with the size of the basis set, with errors ranging from +10 kJ mol -1 with the smallest 6-31+G(d,p) basis set considered to -2 kJ mol -1 with the largest 6-311++G(3d2f,2df,2p) basis set. These two basis sets were denoted DIDZ and MG3 by Zhao and Truhlar. 26 The trend suggests that an intermediate-sized basis set may give close accord with the experimental ∆H°0, and accordingly, we focus on MPWB1K/6-31++G(2df,2p) results which give the best agreement with ∆H°0. Corresponding geometries of stationary points are shown in Figure 3 .
A molecule with a long (∼2.4 × 10 -10 m) two-center/threeelectron Cl-N bond has been characterized previously, and our calculations are in general accord with those of McKee et al. 27 MPWB1K/6-31++G(2df,2p) geometries and frequencies imply that the equilibrium constant K c for Cl-NH 3 formation at 290 K is 1.2 × 10 -24 exp(BDE/RT) cm 3 molecule -1 , where BDE is the 0 K bond dissociation enthalpy. With a DFT value of 48 kJ mol -1 , K c ≈ 5 × 10 -16 cm 3 molecule -1 , which implies that under the most favorable conditions (maximum [NH 3 ] and lowest T) up to two-thirds of the initial atomic Cl could be complexed by NH 3 . Most of the room temperature runs would have a smaller fraction of Cl potentially complexed. The lack of observed p-dependence suggests that the two-center/threeelectron species is not significantly formed in our experiments. The implication is that the BDE is probably slightly smaller than 48 kJ mol -1 and more in line with the ab initio values listed in Table 2 . Lower-temperature experiments would check this proposition.
The potential energy diagram shown in Figure 4 reveals a TS with an energy below that of the final products, with an intervening complex bound by about 18 kJ mol -1 relative to NH 2 + HCl. The structure and energy of this complex are consistent with hydrogen bonding, and no barrier was found for dissociation to NH 2 + HCl. Energy optimizations starting with other Cl-H-N arrangements did not lead to new bound species. We now analyze this PES to derive rate constants for comparison with experiment, through consideration of the reverse process and then derive k 1 via microscopic reversibility: k 1 /k -1 ) K eq where the equilibrium constant was obtained from tabulated data 17 and the ∆H°0 derived above. This yields, to within 6%, K eq ) 27.3T -0.049 exp(-2248/T) over 200-2000 K.
k -1 is derived via modified transition state theory (MTST). The standard TST result for the microcanonical rate constant is k(E) ) W q (E + )/hF R (E), 28 where F R (E) is the density of states of the reactants at energy E, W q (E + ) is the total number of states of the TS with an energy below E + ) E -E 0 , counting from the ground state of the TS, and E 0 is the barrier height relative to the reactants. In the case where this (-1) barrier is positive, k(E + < 0) ) 0, and thus where Q ‡ and Q R are the partition functions for the TS and reactants, respectively. This is the usual TST result for k(T).
For a reaction such as -1, where E 0 < 0, eq 5 is not applicable. At normal pressures, collisions are not rapid enough to thermalize the energy levels of the TS, and therefore, energy levels below the reactants are inaccessible (except in solution or at very high gas density). Thus, E g 0, and the lower bound of the first integration of eq 4 must be zero, which leads to This result was noted by Garrett et al. in the context of improved canonical variational TST 29 and has recently been explored further by Krasnoperov et al. 30 They noted that the latter integral of eq 6 is smaller than Q q because the lower limit of integration is greater than zero, and so, k(T) is reduced over the value derived via eq 5. Here, we also took into account angular momentum conservation (the J quantum number) and conservation of the energy of the K rotor at the TS, and quantum mechanical tunneling/reflection through the barrier. The latter effect is relatively small and only increases the rate constant by 9% at 300 K, 7% at 500 K, and 5% at 700 K. The interaction between NH 2 and HCl was calculated from a relaxed MPWB1K/ 6-31++G(2df,2p) scan. This revealed that the energy dropped rapidly enough as the separation decreased for centrifugal barriers (at relevant J values) to be absent in the entrance valley leading to formation of the initial hydrogen-bonded intermediate, and thus, the reaction bottleneck is controlled by the TS. The full analytical expressions for this modified TST are given elsewhere. 30 An Arrhenius plot of the computed k -1 is shown in Figure 5 . Over 250-750 K, the theoretical rate constant is summarized by and clearly, the predicted temperature dependence is negative below 800 K. The deviation from the results of incorrect application of eq 5 is a factor of 3 at 298 K and increases with lower temperatures, so that the incorrectly derived k -1 would be too large and the temperature dependence too negative, as discussed by Krasnoperov et al. 30 There are no measurements of this NH 2 + HCl reaction for direct comparison with eq 7.
Combination of k -1 with the equilibrium constant implies for Cl + NH 3 over 250-750 K. The agreement between k 1 -(MTST) and experiment is quite good, as seen in Figure 5 , considering the exponential dependence on computed barrier height. The theoretically derived rate constant is around a factor of 3 too large. This might reflect an error in the barrier of a few kilojoules per mole, or the computed TS may be too tight. Nevertheless, the approximate magnitude and temperature dependence of k 1 are rationalized in terms of a TS whose energy lies below that of the final products ( Figure 4 ). The role of hydrogen bonding between the products is to stabilize the TS, and details of the subsequent bound complex do not enter into the analysis.
Conclusions
The measured rate constant k 1 for Cl + NH 3 f NH 2 + HCl exhibits an activation energy more than 7 kJ mol -1 below the endothermicity. The reaction is therefore a clear counterexample to the common assumption that, for an endothermic process, E a g ∆H°. This result can be rationalized in terms of a PES based on density functional theory, where for the reverse process there is a bound complex in the entrance channel, followed by a transition state lying below the energy of NH 2 + HCl. Modified transition-state theory yields a negative temperature dependence for the NH 2 + HCl reaction and, through microscopic reversibility, fair accord with k 1 . 
